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PERFTORMANCE OF ROTATINGhWINé AIﬁGﬁAﬁ@*

By K. Hohenemser
I. INTRODUCTION

A large amount of both theoretical and experimental
informatlion publisghed lately has been devoted to the per—~
formance of rotating-wing alreraft., The term %"rotating-
wing gircraft," in the narrower sense, 1lg limited herein-
after to alrcraft whose gross welght 1s taken up dy one o
more rotors wlth a gonerally vertical axis. For these the
?atent literaturo has adopted the term "Stellschrauben'

autogiro rotors) to difforentiate them from the evontual-
ly existent regular propollers.

Among the rotating-wing alrcraft we dlfferentiate the
limltlng cases of the hellcopter with mechanically driven,
forward-tilted autogiro rotors and no regular propellers
("helicopter® in Enzligh literature, "gyrovlanse." accord-
ing to Brdguet), and the autogiro fitted with regular vro-
veller (autogiro) on which there 1s no mechanical drive of
the beckward-tilted, windmill-like operating autogiro ro-
tor in flight. Between these two extremes liea the "Flug~
gschrauber" (a term coined by Th. liohring (referemce 1)),
or “"Helicogyro" (according to V. Isacco (referemce 2)),
wlth both the regular propellers and the autogiro rotors
driven mochanically. Depending upon the power dlestrlbuted
over the rogular propeller and the autogiro rotors, a holi-
cogyro can fly in the helicopter or in tho sutoglro stage.

A woealth of information on autoglro problems 1s found
in the reports of Je Be Wheatloy, who inproved and extend-
ed tho investigantions started by H. Glauert (reference 3),
and subsoquently continued by C. N. H. Lock (reference 4).
Whoatley has oxplorod the problen of rotor bdlades hinged
to the rotor axis (Cierva) theoretically (reference 5) in
the wind tunnel (roference 6) and in free-flight tests
(reference 7). Just as exhaustively did he investigote
the Rioseler-Wilford rotor, on which each two opposite

*nZer Frage dor F;ugleiséungon'von Drehflﬂglern.“ Inge-
nleur-Archlv, vol. 8, Decenmber 1937, pp. 433-449.
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blades are rigldly mounted ard Jolntly able to osecillate
freely about the loangltudinal axis of the dlade (reference
8). Ooncerning thelr aerodynanmic quality, the rotors are
practicelly egquivalent, and wind-tunnel tests with the ro-
tors 1In autorotating conditlon and rectangular blades and
a s0liditr (or ratio of total-blade area to swept-disk
area) of o0 = 0,1, gzive ninimun lift/dreg ratios of 1/5 to
1/6 which, with omallor solidity and for the characterisg-
tic velues of fullescale design can be lowered to 1/8-1/9.*
In addition, the calculations by L. Brégue} (reference 9),
7. Isacco (referemce 2, loc.cit.), Hs G. Eungner (refor-
ence 10), He H. Platt (referonce 11), and He. B. Squirec
(referonco 12), have shown gome very pronlsing porformancos
for rotetins-wing aircraft in 1solated cases. But up to
the prosont there has beon no coordinated presentation fron
which the influonce of the constants cssontial for the por-
fornanco of rotating~wing aircraft could be obtalned in
systonetlc nannor, nor haas there been a conparison with

the few avallable test data. The sttrnpt ot such a survey
1s to ve wuade 1in the following, whereby nonessentlial facw
tors, such as effect of blade form, blade profile, blade
nunber, oand blade twiat on the merforcances are disregard-
eds Even the torsionsl flexidbllity of the blades 1s ovor-
looked, although in practice 1t is very eassontlal for the
blado incidonce. Thls omlagion is Justified, according to
Je Ay Deaven and C. ¥N. H, Lock (reforonce 135, who showed
that tho torslional flexibility of the blades has scarcely
any influonce on the efficlency of the rotor.

II., THE FLOW THROUGH THE SWEPT-DISK AREA OF TIIE ROTOR

The paseunptlion that the induced rete of downwash on
the rotor 1s constant over the disk aroa rbpresents, to %he
sure, ax optlinum condltion for the energy loss, but even
80, the vosod acsunptlon affords satisfactory eatinmates of
the performance loss in cases whoro_ tho ovtinum condltion
1s not compliod with, sinilar to tho alrfoil theory. Let

*J. do la Cicrva indicated 1/13 to 1/14 an optinun valuos
for tho 1lift/drag ratio of autoglros, cxcluslve of hubd
resigtanco (Luftvissen No., 2, 1935, p. 113), but 1t ig not
qultc clear whothor the results wore obtalmed by theory
or by oxporinoont,
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o doenoto tho angle of attack of the plane of rotor dislk
to the direction of flow (fig., 1) The air force 5 1ig
approximcotely perpendicular to the plane of the rotor disk,
hence the induced rate of downwash ig assuned to be per-
pendicular to the plane of the rotor disk. Suppose 1t 1s
vay ot the blode, or 2vgy ot infinlty, while the flow

veloclty ot infinity (flying speed) 1s +v. Then the reo-
sultant veloclity at the rotor 1is

(v - Vgs sin a5§ + vdf con® o

We resort to a formula originating with H, Glauert
(reference 3), according to which the thrust S 1g equal
to twvlice the product of swoept-dlek area T, alr density
Py 3induced downward veloclty at the point of the rotor
Vgie ond the resultant veloclity at tho poilnt of the rotor

S =F P avﬂ.i /(v - vdi gin q,)y + v-dia c()ga a (1)

. This fornula has never been proved correct oxcept for
verticel ond for approxinately horizontal flow through tho
swvopt-dlsz area, whilo in the internediate zone it presonts
an unproved iantorpolation, However, thls oloment of doudt
s to tho validlty of oquation (1) in the internodiate
gzono doos not comcoern us since wo shall confine ourselvos
in the disposition of the ultinate result to the citoed lin-
1ting cagoz. Equation (1) follows, according to He. G.
Eugsner (rcforonce 10), fron tho nonertun theoren 1f the
alr nass participating in the monontun croation 1s nade to

equcl tho quantity of flow through a sphere circunscribing
the rotor.

For snall rotor angle of attack «, and snmall thrust
factors cy (disregarding vyf /v® in relation to 1),

equation (1) gives:

. v
.__s_—-— = ce = 4 __d-’-'. (2)
a v

that 1ls, a relatlon expressing Prandtlls airfoll theory
for a circular alrfoll, and which was proved approxinately
velld for propellers also (referonce 1l4)e For a = -- 90°,
la6ey for vertical ascent, it gives:

v .
=cs=4(1+—3‘7!'-)15i (3)
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or an equatlon of the sinple propeller slipstrean theory.
Figuro 2 shows the thrust. c,; plotied against vdi/v for

different o in logaritiniec sccle.

The rate of flow v, through the plane of the rotor
dis¥» ls, according to flgure 1:

Vg = Vaq =V gin o
for snell «, according to equation (2):
Y .
and for a = - 90%, according to equation (3):
vg =5 (1 +/1 % ¢y)

The introduction or the coefricient of advance A =

% and of tho thruet cooffilelent kg = N ey = S/(F % u?)

roferreéd to the tip specd u of the blade tips, glvos for
the cocfficiont of axirl flow Ag = vz/r, tho equations

k
Ag = g2 =@l (4)

b

apblicablo at snall o &asnd great A ~nd
A 1 /2. . —
M o= 2+ L/A% 4 x, (5)

valid for a = - 90°,

The ongle of epttack o in oguation (4) will be com=
sldeored sipll as long as the slne 1s exchangonble with tho -
nre, and tho cosino 1s approxinately 1l; that is, up to
about *15°, Tho condition of gront A 1n oquation (4) is
necossnrTy because ¢y was assuned snell 1n oquation (2).
For tho thrust coofflclonts ky; cncounterod in practice,

equation (4) affords anplo approxinations at A > 0.l.

Elzh ratos of clind in vertical ascent must be foro-
gone In tho dinonsioning of high-gpood rotativo-wﬁgg alreroft
as will bc shown, So, oxcevpt ir speclal cases, A in
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equation (5) nmay be neglected ngainst kg, which leaves

S W N~
M= EVEs (6)

- r-——

valld for a = = 90° and ‘A" << kg.

The correéponding equation, genorallized -~ that is,
for any o, Treads:

a
kg
16

2
=(Ad+Ksi:l.'l.(!;)"[:l.'l'A 2 ‘g‘--ia-—'—s—:!"nm]('?)
(7% + gin m) ~ + sln o

III. AERRODYNAMIC FOROES O THE ROTOR

The following equations established by H. Glauert
(reference 15) are applicable to a rotor with rectangular
untwlisted blades whlch execute a perlodic rotatory notlon
about the longltudinal bdlade axls, so that the rollling and
Pltching rornonts of the rotor dilsapnear. As proved by
Ce Ile OIs Lock (reference 4), the equations are salso opprox-
inately valld for o rotor with hingod blndes, provided the
bledes nre heavy enough. Thon, however, anglo a nust be
roferrod to tho plane of the tip disk aroa, whose nornal
for the rotor wlth hinged blades #n flight does not coln-
cide with tho truoc axils of rotation. The slopo of tho
stralght 11ft 1line for the blade scction is assuned at
o' = 6.0, It was computed with a profile drag coofficicent

Gy 1lndopendent of the profilo angle of attack. The thrust

decroasc toward tho blade tips, which depends upon blado
aunbor and blado loading, 1s not allowed fors A furthor
inaccuracy 1la introduced by the invalidlty of tho initilal
difforontinl oquations in the regions in which the al® :

. 8strikes tho blede olemonts fron the rear. Still the into~ .
gratlon result 1s littlo affected by i1t so long as tho co-

; offlclonts of mdvance renain moderato. The dynanlc preassure
' of a blado olonent was applicd with tho velocity conponont
in the plone of the rotor and perpendicular to the blade
exis. That is, the radlal velocity component 1s neglected
and the rate of flow through the plane of the rotor 1is as-
guned to be snall 1n relation to.the tip speed.

The equations for the blade-sefting angle ¢, refeorred
to zero 1lift lino, for the thrust coefflcilent k,, <for the
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' (75 )
effoctlve torque kg = G——Ei—. whero nG nSt 1s tho

(%)

porformance on the rotor hudb in horsepower, and for the co-
officient of the rearward force normal to tho rotor axis

Il= P
E .8
(F 5 ) -
to tho rotor axis, in roletion to the cocfficient of ad-

vance in tho planse of tho rotor A', +to the coefficiont
of axlel flow A3, to the mean blade incidence 4,, to

the solidlty o, and to the nean vrofile drag coofficiont
c read ag followe!:

’ where Bn ls the roarward forco nornal

w
3 =9, - 8, sin ¥ (8)
8o, A 2N A
o d
8, = 3 . (9)
14+ 2N
2
- - 3 412 ! -
kB = 20 [130 (.n. + E] A ) -"g Ad - 'S A 61] (10)
[ a 3 3
ky = 20 [—83 (L + N ) + A (aq -5 Ag - Zh'h)] (11)
c 3 3
ksn = 20’[)\' (f + -2— ‘ﬂo Ad.) - "4‘ 6J. Ad] (12>

The azinmuth angle V¥ 1g neegurcd from the rearward seotting
of thoe blade in diroction of tne rotatlon, Tho two special
co808 o = = 90° and snall o lead to varticularly cin-
Plo cquations and will be consldoroed only. TFor a = - 90
the inflow volpcity in the wlane of tho rotor disappocrs
and with 1t A in equations (9) to (12), loaving ¢, = 0 ,

kgp = 0, and

c
kd=°%.E"'7‘d2"(" Ad_> o+ kg Ng

valld for o = - 90° (14)
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The coefficient of axlal flow Ay  dependont on ké'

and A follows from equation (5) or (6). In the conver-
Blon of the air force coocfficlients to the wind axis sys=
ten of coordinates, eguation (10) remains approxinately
unchangod for snall a, while the interference coeffilclont

kgp = ———%?1—-— (R, Deing tho-resultant force conponent
F3 u?) . .
along tho flight path (direct ed to the rear) follows as
kg = kgn + a kg
Equations (9) to (12) aro substantially sinplifled 1if
3, = 23, A' _ (15)

1s substituted for equation (9), which prosents a good ap-
proxinatlion for oquation (9) at medium A, in viow of the
assunedly snall coofficlent of axlal flow Ag. Thon wo ob-

toin for small o, whoro the coefflcicnt of cdvance A

in tho plano of the rotor can stilll be cquated to tho coof-
flclont of ecdvonce A 4in flight direction, the following
oquations whica, in conslderation of theo onisslions and in-
accuraclos in tho derivation of Glauert?s equations may
ralse objJections, revresent the true conditions -~ at least,
as good as thosge: :

' 3 3

und - R | (1 - = Af) =2 vallid for small o

20 ° 2 2 M, (=15° < @ < + 15°) (18)

14 c k

Eg = 7? (L+N) + Ad E%f valld for smell a (1)
. (=15° < a < + 15°)

k k ) . ]

Eﬁ; = A %F + a ?g' valld for small a  (jg)

(=15° < a < + 15%)
A; 1s taken from equation (4).

Within the cited linmits for «, we find practicelly
every fllight condltion of rotating-wing alrcrafti level
flight, clind and glide with nmoderate angle of climb end
gllde, the autogliro stage wilth backwvard-tilted rotor axis.
the hellicopter stage with rotor axis tilted forward, and
the Internediate stages of the helicogyro. For hovering
and vertical ascent, the respective equations (5), (6),
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(13), and (14) are spplicadle. ZFor the deternination of
the sinking speed in vertical descont (a = 90°) with
pover off, a rotor drag coefflclent of cyp gt = 1.3 can

be sssunecd. .

Then tho alr-force coefficlents can be computed 1f theo
goonetrlc constants @&, and ¢, the profiloc drag cy
and tho constants A and o for the flight condition are
€lvon. The oquationg are most convenlently solved 1f kg,
and A are glven, because them ANy c¢an be computod fron
cquation (16), and a fron oquatlion (4), so that all tornms
on tho right<hand sido of oquations (17) and (18) are
known,

IV. QUALITY OF ROTATING-WING AIRCRAFT

As criterion for the quallty of an alrplane in hlgh-
spood flight, the factor™®* uged is

v G
s = %0 © (19)

wvheroin G = gross welght in kilograns, v tho flylng spood
in kiloretors por hour, and N = horsopowor. Tho alrpleno
1g thon particularly woll suited for high spoed if, wlth
glvon flying spvoced v, the factor Tlg and consequently,
the powor loading G/Il 1s as groat as possible. For the
fixed-wing aircraft in horizontal flizsht, the equatlon

Ng = Nz é%: (20)

1s applicable, whore Ty = propelleor offlclency, o4 =
11ft coofficlont, and Cyg = total drag coefflclent.

Ag criterion for tho quality in clinbing, the factor*

(21)

=3
n

ct

I
4
. |
[4) ]
Hig
:ﬂ

(o]
e

ls used, where G = gross welght, ¥ = wlng or owept-dilslk

*Thig is the woll-known figure of merlt which, on fixed-
wing alreraft, follows as the product of the rociprocal
glide coefficiont with the proveller efflclency.

*"Nsiy 18 so chosen that for 1deal propeller of vanighing
blade friction (ey = 0) in hovering (A = 0 in equations

(6) and (14)), it asgsumes the valuo 1.
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area, I = horgepower, and bo = alr density at sea lovel.

The .airplane 1s particularly sulted for olinbiné if, with
€lven wing loading '@/F, the factor- MNg,, and conpo-

quently, the powor loading G/ 4s as great as possible,
thus assuring a largo reserve of clinb. The equation for
flxodwwing alreraft in horigzontal flight ip:

caa/a lnz

Tow the corresponding equations are to be derived
for the rotating-wing aireraft, and under the assunption
that the alrplane has a rogular propel ler and part of the
cnglno output. is carried into tho propoller. The total
draog coofflclent of the rotating-wing airereft is kgp +

PO 7\8. Thereby ® 0 F is the equlvnlent paraslte area
of the nonlifting parts of the aircraft; or, in other
vords, ¢ indicates the ratio of equivalent parasito area
to blede nrone Sinco the whole drag nust be overcone by
tho regular propeollor, its sharo of tho powor is:

a
kqn + @ 0 A" p o®

Ny = B - Fv
Z Mg )

The porfornance quota of the autogiro rotor 1s:

kqa P o
T = =35 48 7y
St Ng 2

with an assuned nechanical gear efficlency of Ng. Desig-

nating the ratio of autogiro rotor performance to total
porfornance with V glves for this ratlo the oquation:

m
e el — ' (23)
2 St 1+ e (kgp +@ 0 A )
Ngky

The valuoc for the high-gpeod factor Mg 1s, according to
oquation (19): .

A K, A
"8k, "= s " T

(24)

kg + %g ANk, +00 ka)
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and for the speed-of-climb factor Mgy, according to equa-
tion (21):

/a z/8
k. 0.6 k n
d - kg + ﬁ% AN (kgp + 2 0 AN)
Comparing eqﬁution (24) with equatlion (25) gives:
Ng Xk,
st = —on (26)

Tow, assuming Ty = N, the insertion of equations
(4), (17), and (18) into equation (24) gives the equation:

k
Ne == -2
25
= — (27)
Ae ) kg o A
(3 A (2 Xr ? 2

in which the rotor angle of attanck o or, vhat 1s the
samo, the hollcogyro constant v, 1s no longer present.
Nst 1s given through equation (26). A4ssuming the mochan-
lcal efficloncy of tho powor transfer to tho autoglro ro-
tor to bo oqual to the acrodynamle offlcloncy of the powor
converslon in the rogular propoller, tho high~speed and
clinmblng foetors of a rotating-wing alreraft aro not do=
pondent upon whethor 1lts stage i1s that of a hollcopter
with rotor tiltod forward, or of an autozliro with backward-
tlltod autorotating rotor, or of an intormodiato hollco=-
gyro stago., The deperturos from this theorem, basod upon
the agsumed constancy of profile drag ¢ with blade in-

cldence, n~nro dlscussod in soction VIII.

Bquotion (27) 1s also roadily obtainable from o con-
sldorotion of tho onorgy loss according to He Glauort
(roforonce 3). TWith z= blade number, t = blade chord,

r = digtance of a blado olement from tho rotor contor, and
R = rotor rodius, the blado friction onergy for small co-
officlont of axlal flow and small rotor-blado anglo, 1is
approxinately:

HR:%uSZt—jf (Aai‘l‘y'l"i) d.rd.\ll
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Here the stream veloclty in blade axos direction is dise

that is, within the disk % = e A'sii'V’ 1g ingerted with

wrong slgn. But we could also (as, for instance, in Whoat=
ley!s roports) carry out the integration in the regions

for forward and backward inflow separately and with diffor-
ent mean drag coefficlents, but wo shall concode the same
omigsions as 1n equations 28) to (12), and g0 conflne our-
solves to modlum coofficlents of advance.

Inserting tho solidity o = zt/nn, the integration
glves:

55 = % uw Fo %f (3A + %)

The energy of momentum creation i1s N3 = 8 vg3 or with
equation (2)

Hy _p.apkg®
v "2 % Ty

The resistance energy of the parasite residual resistance
is

Ny =+ g F ud N )

Accordingly, the total performance ¥ (m kg/s) requirod
for horigontal flight 1s: .

n'p, o c l-ka a

2oLy yp|l% ( ) + + 28
S 5%t [ 7 B\ + ¥ Zﬁ? oo X | (28)
vhich, wrltien in equation (19) with G = 8§ = k4 g P usd
snd with consideration of the dimensions of N and v up
to foetor Mg stipulated in equation (19) glves equation
(27) which, with the citod assumptions and limitations, is
appliccblo to any rotor angle of attack o, and any blede

angle of attack 9. ‘e

While equations (27) and (28) lose thelr valldity at
small coofficlents of advance, oquation (28) can also be
e“ployod at any othor low-flylng speed, according to
Eussnor (roferonecs 10), by substituting the spoed at the
point of the rotor for the flylng spoed v, and forming
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tho coofficlont of advance with tho speod at the rotor.
Thoro is 1littlo diffcrenco 1f the flylng speeds are high,
becausge thon tho inducod voloclty 1s small relative to tho
flylng spocd. In tho hovoring stago v and Ad gsubesti-

tuto for v and A in oquation (28). By disregarding
Ag? relative to 1.0 and considering oguation (5), equa-

tion (28) 1s identical with equation (14), which provcs
the corroctness of equation (28) in the now meaning of tho
slgns fop both vanishing and higher flylng spoecd. Accord-
ing to Eussgner, the parenthesos of oquation (28) contaln
tho torm (4A + 1/A) instead of (3A + 1/A). Eussnerls
voluo is approximatoly reached ot high flying speeds 1f
the flow voloclty in diroction of tho blade axes 1s taken
into consideration; 1t 1s approximately reached at zoro
flylng spoccd 1f tho veloelty vorpendlcular to the plane of
tho rotor 1ls considered. In the laotter cnse the diffor-
enco is nogliglble bocausc of the small zoofficiont of ox-
ipl flove .Even at highor coofficlents of advanco tho dlf-
feronce remeing within the scopo of accuracy of tho presw
ont theory. The omlttcd radlal volocltioes in gquation
(28) con, norcover, be justifiod as o certain allowance
for cp roduction of tho blade profile 1n yaw.

In tho following, equations (27) and (28) are usocd in
tholr orizlnal form- that is, with v = flylng spoced, N =
coofficiont of advance, and A > 0e¢l = limilt of valldlty.,
The coso of AN =0 1s tronted soparatoly. The total ro-
sjlt then differs very littlo from that obtalnod with
Kugsner's performance formula.

V. HOVERIGLG AND VERTICAL ASCENT

For o =~ 90° and AN =0, we have kg = 4)\d8, ac-~
cording to oquatiom (6), and kg = S;E + 4kd3. according

to oquation (14). Tho climbing factor for hovering is,
according to oquation (25): )

Mgy = po— = —- L (29)
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" Tho quentity kg/aa is a meapgure for the acrodynanile

~blade -londinge. . The cholco of thig quantlty, wlth given
rotor dimonslions = that 1a, the seloction of the rotative
spood, 1s govorned by various factors. If o rotating-wing
alrcroft ig to show particularly good slow spoods, tho
elinbing factor Mgy, which tises with k,/20, according

to ecquation (29), is decisive. In roality, TNg; reachos,

as o rosult of separation of flow at the blades, a maxinmun
at too high Inflow angles, and drops again at still highoer
blodo loadings. If tho rotating-wing alrcraft is to excol
at high spood, tho high-gpood factor, according to equa-
tion %27). is declsive vwhich reachos its maximum at sub-
stantially lower kgz/20, - to which should be added thab,

owlng to tho poriodle rotations of the blades about tho
longltudinal axls for tho purpose of equellizing the roll-
ing cond piltchlng nmoments at high speod, the alr-atroan
angles for oqual kg/20 are in ploces substantlally
groctor than in low-apood flight, Ir rotating-wing air-
craft with cocfflcients of advance as higch as A = 0.4,
the ratio Ikg/20 should never exceod 0.1 in fact, 1%
should bo lose than that for highor coefficlonts of nd-
vancos According to oquation (29), it appecars that the
clinbing foctor incroasos uanlimitodly with ilncreasing
solidlity o. But owing to the omittcd thrust docroease at
tho blade tlps which inerocsos with tho sollidity, Mgy
roathos rn optinmum bofore vory groat solldlty. For kg/20
= 0.1, ¢this optinmunm should 1lioc at o = 0,06 to 0,08.
Figuro 3 showa tho clinbing factor 1N gy for hovotring, nc-—

cording té odquation (29), against ¢ for cg = 0,016 and
k,/20 = 0.,09. The thrust decroaso ot tho blade tips koo

subsgequontly bcon corroeoctod by a thrust reduction factor
0.9, and oguation’ (29) was roplacod by

0085 ! "
Mgy = oy (30)
1+ w
k' 3/3
6.66 /o (773

A rolation for vortical ascont 1s .obtained by insert-
ing equation (6) in equation (14):
oc A k378
kg + k4 ) + >
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In consequence, if ks, denotes the effective torque for
hovering A = 0 and ky = constant: ' .

kgA

kg = kg, + =5, valig f§; o= - 90°|
or an << %s (31)
N =¥, + 2, | valtd for « = = 90°

and M << kg4

In vertical ascent, a helicopter with moderate clinb-
ing speed requires only half the power regulred for ver-
tical pscent as excess over the power required for level
flight. Compared to a fixed-wlng alircraft, the helicopter
requlres 1n vertical ascont oaly half the climbing reservo.

VI. HEORIZONTAL FLIGHT AND YAWING ASCERT

To 1llustrate the conditions in horizontal flight and
in yawing ascent, cquatione (26) and (27) are evaluatod in

'
figuro 4, vhoreby e, = 0.016 and Eg = 0409 a8 bofore,

and the thrust decroase at the blade tips is allowod for
by e subsoquontly appliod thrust reduction factor of 0.9,
so that cquation (27) i1s roplaced by

0.9 kg/1.80
e 1N . kg @ O AS
o . 4 =) + —_—— LA
8 (3A * K) (1.80) oae T P 2

which contoins tho mochanical transmission offlcloncgy .or

tho provollor efficlency at Mg = Ng = 1. Tho solldlty 1is
choson at 0 = 0.05, Tho curves aro plottod for dlfforent
ratios @ of equlvalent parasito area to dlade aroa. Theo
highost horizontal spood 1s cdoteormined as follows: Dotcr—
mine Mgt from tho powor loading G/N, the dlado loading

G/F, and tho alr-density ratio PO/P. accordlng to equo-
tion (21). Tho stralght line Mgy = constant of figuro 4,

lntorsocts tho curve @ = constant 1n the Mgy diagran
at ono or two points. Transforring the polnts of lntorsoce
tlon to tic correspondling curve in the Tg chart gives,
with tho cid of .

(32)

s

270 Mg

v = Temo

(33)
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tho marximun and minimum horizontal speed ot full tﬁro%tlo,
whoreby tho latter 1s zero 1f in our ocase nSt < 0.60. To

obtaln the highest possible speed for a ‘glven power load- -
ing G/H, the blade loading G/F nust be so chosen that
the intersection of the stralght line 1Tg¢ = constant wlth
the particular @ ourve in the Mgy chart lies exactly on
the optioun of the correspondlng ® curve in the Tg
chart. Then, howevor, the speed range is very small; for
® = 0,05, for exanple, 1t amounts to 7:2. Since in the
deslgn of rotating-wing alreraft 1t is of partlcular in-
vortance to explolt the votentlallitles of a high speed
range, 1t is necessary in our cese to oporate beyond the
optinmun highwspeed factor. Lowering the nininun spoed to
gero by reducing the blade loadlng results for ¢ = 0,05

in o decrense of the maxirmun speed 1ln tho ratlo of 72643
as conparced to the optinun. 3By an onlargemeat of the ro-
tor equlvolent to a nero 1l0-percent loss in naxlnmun speod
conpared to the absolute optinmum, thc speocd range is
ralsed fron 1:0.,29 %o 1:0. Here 1s vhere the nost sig-
nlflcont characteristic of the rotating-wing aireraft as-
sorts ltsolf, ’

The clinbing performanco 1s oasily detornined wlthin
tho scope of validity of equation (32) - that 1s, down to
A € 0.1, because then the excess pover avallable in hori-
zontal flight 1s equal to the power requlired for vertlcal
ascent. (It is presumed that in the calculation of Mgy,
according to equation (21), the trananission loes, or the
propeller loss, respectively, is no longer contalned in
the performance N, since figure 4 1s wvalid for 1TMNg = Mz =
1.) The approxinate equlvalence of power requlired for
vertlcal ascont (gross wolght tines verticel clinbing ve=-
locity) and the excesslve thrust horsenower of the regular
Propollors relatlive to horlzontal flight is, for flxed-
wing alrcraft and autogiros bound, as 1g known, only to
tho condltion of nodorate ¢linbing angles. According to:
the dlctun voiced in soction IV, the sun of the perforn-
ance of the autogiro rotor at tho hud and of the thrust
horsepower of tho regular nropollor at great o efficlonts
of advanco, 1s not affected by the flight condltion,
whether in helicopter, nutogiro, or holicogyro stage. Cone
soquently, the power requircd for vertical ascent, oven of
hellcopters and holicogyros in clinbing at moderate clinb-
ing anglos 1s equal to the pure excess power (less trange
nission and propeller losses) compared to horigontal f£light.
This does not apply to clinmb at great angles, as shown 1ln
sectlon V, If Mgy max 18 the veluo of the climbing fac~
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tor, according to flgure 4 and Mgy as obtalned from equae
tion (21) tho equation for maximum rate of clinmb 1s

- N75 NSt max = Nst (32)
G NSt max

(v in nfes, ¥ 4in hp,). VWith Mgy = 0.6 and @ = 0.05

in the above oxanple, tho obtalned nminimum spced was exaci-
ly zero. The clinmbing reserve at the speod of optlimun
clindb then clmost equeals half the power required for levol
flight. Tho speed of best clinb conmpared to a flxed-wing
alrecreft 1s low - here, 0.45 of the naxinoun speod. As o
gcnorel rulo, the rotating-ving aircraft with minioun

speocd = zoro, vosgsessos good clinbing powors, while its
speod of bost c¢linb is low.

The obtelnnont of clinbing power in vertical ascent
nocesaltetecs an onlargenent of the rotor up to Mgy vel-
ues fron loss thun 0,6 1n our caso. But as this neans o
furthor docrease in mexlmun gpocd, the rotating-wing air-
craft, whon usod as high-spoed craft, willl have a modorato
rato of clinb 1n vertlcal ascent.

In flight at higher nltitudes TMNgt Iincreases with

J Po7p cnd the speod range is accordlingly qulckly lowered

Tho rotating-wing alrcraft retains the typvical helicopter
charpoctoristics nt low altitudes only, unless abnornally
large rotors are usod for high~gpoed flight.

Tho solldlty effect 0 1s readlly obsorved fron equo-
tions (16), (26), and (32). For great A, Mg 1s alrost

unaffectod by o, according to equation (32), whilo kg
increases with O according to equation (16), and Mgy

with + 0. according to equation (26). By roducing tho

solidlity, tho left-<hand curves of figure 4 would shift
dowvnward, and thosoc on tho ri-ht renanln approxinetoly the
sane. Roducing o by 50 percont, for cxanplec, the in-
tersoction wlth tho curve ©® = 0,05 can, for MNst = 0.6,
‘be brouzshi to tho poilnt of optimun of the corrcsponding
curve 1n the Tlg diagram. Tho nmaxirun speed would rise
10 percent, but thc rnte of clinb would drop by more than
50 percont., Thus, sollidities substantlally less than. 0,05
ero inproactical because they involve an abnornel drop in
clinting power.

~
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VII., COUPARISON WITH EXPERILENTS

" - L .
-,

The nost exhaustive wvind~tunnel data on autogiro ro-
tors aveilable are thoge dy Je Be Whoatloy (referonco 6).
Thoy eoro, to bo suro, reoestriocted to the autorotation stoges,
but occuation (27) and figure 4 retain their valldity for
flight condlitions with autorotation as well as for holi-
coptor anéd holicogyro flight stnges, hence the comparison
wilth Whontloy's resoarchos attaoins genoral significance.

Figure 5 shows tho high-~spced factor TNg for an auto=-
€lro rotor with N.A.C.A. soction 4412, o solidlty o = 0.1
and on anorodynanic blado loading of %% = 0.072 plotted
agoinst coefficiont of advance A (deshod curve) as con-
parod with tho result fronm equation (32) for o = 0.016.
Up to A = 0.3, tho agroement with tho calculation 1s
good; boyond thet figure tho orrors copnitted in the cel-
culetion, ospeclnlly the onission of flow separation at
large anglos of attack, nro noticoable, Since these proc—
essen nro intinately nssocilated wlth the Reynolds Numbor,
it nay bo nsguned that for the full scale the curve will
epproach tho computed curve nmore closely, so that up to
ebout A = 044, tho calculation should give acceptable
voaluoe,

In figure 6 tho high-speod factor TNg at A = 0.3
ls plotted for the sane autogiro rotor against the aerody-
nanic blade londing kgz/20 (dnshed curve) in comparison

wlth tho result of equation (32) for ey = 0.016. At
snzll blade loading the calculatod drag coefficlent c

is, as 1o seen, too high; at higher kg/20 todé low, cside

fron tho burbling vhenomona which acconpony ite In view of
the pronounced schenatization of the flow on the rotor of-
fected 1n the theory, the result nust sufflce.

. A further potential sourco of conparison is found in
tho wind-tunnel teosts publishod by H. E. Platt (reforonco
11). Hig rotor blados, like Wheatloy's, had roctangular
tips and no twist; tho solldity was o = 0.067. Hig toet
points roduced to a rosidual parasite arca por blade aroca
ratlo of @ = 0,06 are included in figure 4. On naking
tho comparlason, 1t ghould be noted that the solldity was &
1ittloc highor than 0.05, and tho aocrodynanlc blade load-
ing ka/ac, a little lowor than 0,09, as assuned in tho
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mathonatical curves of figure 4 - both influonces which
also, according to equation (32), vitliato the high-speed
factor 1n relation to the curves shown in figure 4, In
contrast to Wheatloy!s oxperiments in the autogiro stage,
the togts horo rolate to the helicopter stage with the
autogiro rotor axls tiltod forward. Equation (32) there-
fore actunlly portrays exporinents in the autoglro stage
and oxperinents in the hollcopter stage vory satisfactorily.

The publighed experinents on propellsesrs in yaw wlth
zoro or sllight blade twilst, are herowlth exhaustod, but o
nunber of wind-tunnol moasurenents are avallablo on the
hovering stago and the stage of vortical ascent, Plattl?s
autogliro rotor with rectangular blades of zero twist (rcf-
erence 11) described above, has at around kg/20 = 0,08 &
clinbing factor in hovering, of Mgt = 0.62, whlich cgroos
well with flzures 3 and 4. A colloction of thtingon wind-
tunnol tosts on provellors of low piteh at thc torque
stond and at low A 1is given in the roport by 0. Wealchner
(roforonce 16) along with thc rosults of his calculations.
His TMgg volues for hovoriang rangc botwoen 0.69 and 04743
tho recson for the hlzhor values conpared to those by
Platt, 1s tho conmparatively pronounced blado twist (pitch/

dinmotor Z = 0,3 to 0.5). That blades with such twist
are vory unfavorable in high-speed flight is proved by tho
experlaents of 0. Flachsbart and G. Krober (referonce 17).
Such rotors are inmpracticel for high~spoed autogilros.

Huch infornation about the antlclpated figuros of nerlt
Mgt 3in tho hovering stage is vouchsafed in G. Schoppe's

conpilation of flown helicoptor porformences (reforenco
18). Tho Mgt values of tho bettor helicopters, rango -

dopending on twiet - betwoon 0,64 and 0,73 for single ro-—
tors, and 20 to 30 percent highor for suporposed, oppo=-
sltely rotating rotors.

VIII, HﬁLIGOPTER, HELICOGYRO, AND AUTOGIRO

For the plotting of the curvos of figuro 4, 1t was
assunod that tho efficlency of the regular proncller ie
equal to the mechanicnl efficlency of tho transmission of
powor to the autoglro rotor. Only thus was 1t posslBle to
sot up genorally applicable curves for helicopter, hellco-
gyro, ond autoglro. The offilcioncy of thoe rogular provol-
lor is usually inferlor to the noch anleal officiency of
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the power transmission to the autogiro rotor, so that the
flight stoges approaching the helicopter would be prefor-
able to tie ‘stages approaching -the auntogiro. At high-. .
speed flight, of course, the differonce betweon helicopter
and cutoglro porformanco 1s not groat, with propeller ofw-
ficlenclos around 0.8 and nmechanical efficiencles of from
0.85 to 0,96. With its inferior propellor efficilency 1in
clindb, o hollcopter will, in genoral, be substantlally
superlor to the autogiro oven with due allowance for the
groater driving-genr welght of tho hellcopter.

' Thus far 1t had boon.assumed that the conponenﬁ of tho
flow velocity porpendlcular to the plano of the rotox’ Va,

had no effect on tho fllght norfornances. gince the drag
coefficient ey of the blade eloménts was presumod to bo

indepondent of tho angle of nttack., In roality, tho rato
of oxlal flow and the blade twist nust be so atitunod to
ono anothor that for a glvon offectlve torque kg thé an-

glos of nttack of tho bdlesdc elomonts and conseguently, the
drag coofflclents of the bdlade elements arc on an average
as snall as possible. Tho coefficient of axlal flow A4

for tho holicopter stnge follows from equation (17) with
kg = 0 ot

Cy 1 + Aa (25)

or with o = 0.016 and kg/20 = 0.09 as
Ag = = 0.0222 (1 + A") - (35a)

Gonaoquontly;'ao iong ags tho coefficionts of advanco ro-
nain nodorate, the coofflciont of axial flow of the muto-
€iro remaing nearly unchangod.

Tho coofficlent of axlal flow for tho autoglro follows
fron equations (18) and (4) with allowanco for the torm

oA
> o.bo written in (18) for tho parasite rosidual drag
with kg = 0 at .

(4] a . 13
9 +5x @A
( >t EN % (56
k /20
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or with o = 0.016, -Eg = 0,09, and © = 0,05 at

Ag = QggQii + 0.0444 M + 5.55 @ A (36a)

For A = 0,4 ond ® = 0,05, it glvos Ag = 0,0294; for
® = 0,1, it 18 Ay = 0.,0462. In contrast to tho autogiro,

tho holicoptor therofore manifests o nmorked rihg in coof-
filclont of axial flow as tho flylng spoed incroases ond &
further rise in Ay wlth 1rcroasing paraslto rosidual ro-

slstanee of the slrcrafte For adaptation. to tho downwerd
flow tkrough the swepi-disk orea, a blade twist would be
necossary, But as this narrows the linit of the autoro-
tatlon range In tho autogiro stage, rcasons of safety in
flight domand either zoro or at the nost only slightly
twlstod blados. With gzero bdlado twilst, an optinum wvelue
of tho fizure of nerit con be expectod for s givon thrust
coofficiont kg 1in n flight condition in vhiech the plero
of the rotor ls approxinmately parallol to the dlroctlon of
flight or, with consideration of the induced rato of down-
wash, 1s slightly positive in flight direction. Devia-
tlong toward the autogiro stage ontall no substantial vitl-
etion with respoct to the ontimun value, becauso the co-
offlclont of axial flow 1s small in a sultadly constructed
autoglro, according to equation (35)s But in tho helicoptor
stege, cspoclally.at high-~spoocd flight and with higher ro-
sldual rosigstancos as a rosult of tho greatur Ad accord-
ing to equation (36), o pereeptibly poorer figure of morit
nust be lookod for conmparod to tho ontinum valuo at vone-
ishing axial flow.

To givo on idea of tho holicogyro stages in which tho
probable optimum of wanishing Ay 1s attalned, the powor

rotlo v of tho autogiro norformance to total porforne
ance is computod according to equation (36), with Xz and

kg, insorted, according to oquations (17) and (18), ond

o according to equation (4), all for Mg = O. Then, ocquat-
ing the goar ratio TMNg to tho propellor efficlonecy Mg
affords the equation:

vV = 1 . k X (37)
1+ BA (A Svw . =8 -2+ Sl—f>
o, (1 + ) 4 20 4N 2
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which in figuro 7 (solid curve) is.plotted for © = 0,05,

- Co = 0.016}"55”='O.09,”nnd O = 0.06. -In:-the principal

20
flight range v 1lles botweon 0.4 and 0,555 the autoglro
rotor consunes only about 50 percont of the power.

4 spoclial type of hellcogyro, suggested among othors,
by Oehnichon (French patont No. 672670) consists in hov-.
ing the roaction torgue of tho rotor taken up by a regular
pPropellor nounted laterally fron the fuselage, which pro-
duces a thrust in the direction of flight. If ‘a 1s the
distance of the regular propeller axls fronm that of the
rotor, and R the radius of the rotor, the assunmption of
Ng = Nz glves the readlly derived equation:

V 2 ———— (38)

1 +A 2
a

The corresponding curves for % = 0.6, and % = 0.2

have been included in figure 7 (dashed curves). The ar-
rangenent of a regular propeller at 1/4 to 1/2 of the ro=
tor radlus away frori the rotor axls and the control of the
thrunt of thls regular propeller so as to exactly balance
the rotor torque, leads to an aircraft that operates ovor
e wlde flight rengo 1in the vicinity of the optinun at

Ad = 0., BSince the propeller efficiency ies sudbetantlally

lowver at low flight speeds, such an ailrplane is inferior
in tho low-spood range to a helicovter of the sane wing
loading,.

The writor does not boliovo that thore 'is any reason
as yot to prefer this or that tyvo of rotating-wing air-
ecraft, aos stated in go nany reports on rotating-wing alr-
craft with voarying. rosults. The autoglro.will be out of
tho conpetlition 1f there 1s constructed a holicopter or
hellcogyro of equal relianbility with noderately higher
woelght, as then the poorer flight performances of the au~
togiro at low-spood flight and clind could no longor be
Justified. ILikowlse, the appralsal of tho other kmown
typos, counterrotating rotors side by side or one abovo the
othor, singlo-rotor type wilith torque balance through auxil-
lary propeller or auxiliary surfacos or with torque=freo
rotor drive through rotating propeller, conbustion nogz-
gles or flapping wings can only be glven on the dasis of
natured designs. The following exanmplos willl glve a briof
survey of the practical potentlalitles of rotating-wing
alrcraft,
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IX. EXAUPLES

Tho oxarplecs are tascd on the curves of figure 4:
that 1s, rotor solldity o = 0.05, and aerodynanlic blade

k
loading Eg = 0.,09. The rotor speedsat high~ and low-

gspeed flight are 1ldentical. The maintenance of constant
specd naturally requires control of the rotor-blade lnci-
donco, whlck 1s an obvious requirement for a hollcopter
and horo i1s assuned for the autogire also. Tho flight
prerformaances car be somewhat improvod if tho spoed cen bdeo
changed In flight with tho 2i1d of o control gear, so that
tonporarily the optinunm value is obtalnablo. As long eos
